The proteins encoded by gene 7 of the severe acute respiratory syndrome coronavirus (SARS-CoV) have been demonstrated to have proapoptotic activity when expressed from cDNA but appear to be dispensable for virus replication. Recombinant SARS-CoVs bearing deletions in gene 7 were used to assess the contribution of gene 7 to virus replication and apoptosis in several transformed cell lines, as well as to replication and pathogenesis in golden Syrian hamsters. Deletion of gene 7 had no effect on SARS-CoV replication in transformed cell lines, nor did it alter the induction of early apoptosis markers such as annexin V binding and activation of caspase 3. However, viruses with gene 7 disruptions were not as efficient as wild-type virus in inducing DNA fragmentation, as judged by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining, indicating that the gene 7 products do contribute to virus-induced apoptosis. Disruption of gene 7 did not affect virus replication or morbidity in golden Syrian hamsters, suggesting that the gene 7 products are not required for acute infection in vivo. The data indicate that open reading frames 7a and 7b contribute to but are not solely responsible for the apoptosis seen in SARS-CoV-infected cells.
when expressed from cDNA (10, 29, 30, 33, 36, 38, 63, 73, 76, 80, 84) . The mechanisms for induction of cell death by the viral proteins are not clear, and it is unknown if these proapoptotic events play a significant role in induction of cell death during virus infection. In particular, the proteins encoded by SARS-CoV gene 7, the ORF7a and ORF7b proteins, not only induce apoptosis but inhibit cellular protein synthesis, activate the p38 mitogen-activated protein kinase (MAPK) signaling pathway, activate NF-B, block cell cycle progression, and interact with the cellular transcription factor small glutamine-rich tetratricopeptide repeat-containing protein (SGT) as well as the antiapoptotic regulator Bcl-X L (17, 28, 31, 67, 81) . The relevance of these functions in context of viral infection is presently unknown.
Previous reports have demonstrated that recombinant SARS-CoV either containing a deletion of the gene 7 coding region or encoding green fluorescent protein (GFP) in place of the ORF7a and ORF7b proteins replicates with wild-type kinetics in transformed and primary cell cultures (60, 79) and in the lungs of BALB/c mice (79) . These results suggest that ORF7a and ORF7b are dispensable for acute replication both in vitro and in vivo; however, a more detailed study of the deletion viruses is required to address potential roles for gene 7 proteins in the induction of cellular death and in altering other aspects of viral pathogenesis.
In this study, we provide a detailed analysis of the in vitro and in vivo replication kinetics of recombinant SARS-CoV strains with the gene 7 region deleted completely or replaced with GFP. The viruses replicated to similar infectious virus titers and with similar kinetics in Vero, CaLu-3, and CaCo-2 cells. The viruses induced similar levels of cell death; however, viruses carrying a disrupted gene 7 had significantly reduced numbers of terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)-positive, infected protocol. Cells were washed three times with PBS, incubated with secondary antibody (goat anti-mouse IgG AlexaFluor 488, goat anti-mouse IgG AlexaFluor 555, goat anti-rabbit IgG AlexaFluor 488, or goat anti-rabbit IgG AlexaFluor 555, Molecular Probes) as appropriate (1:500 dilution). Nuclei were counterstained concurrently with TO-PRO-3 iodide (Invitrogen). Coverslips were mounted onto microscope slides using Prolong Antifade Gold (Molecular Probes) and visualized on a Zeiss LSM 510 META confocal microscope.
FACS. Fluorescence-activated cell sorting (FACS) was performed as described previously (44, 57) . Cells were incubated with the anti-ORF7a murine MAb 2E11 (1:1,000 dilution) (44) , anti-ORF7b rabbit serum (1:1,000 dilution) (57) , anti-SARS S MAb cocktail (1:100 dilution; kindly provided by CDC), anti-SARS mouse hyperimmune serum (1:1,000 dilution; kindly provided by CDC), or anti-active caspase 3 rabbit MAb (1:1,000 dilution; R&D Systems) followed by goat anti-mouse IgG (1:500 dilution, AlexaFluor 488 or AlexaFluor 647 labeled; Molecular Probes) or goat anti-rabbit IgG (1:500 dilution, AlexaFluor 488 or AlexaFluor 647 labeled; Molecular Probes) secondary antibody. All antibody dilutions were made in blocking buffer. Wash buffer consisted of PBS with 0.1% saponin. The cells were analyzed with a FACSCalibur dual-laser flow cytometer (Becton Dickinson), and data were collected with CellQuest software. ATP assay. The transfected cell suspensions were mixed 1:1 with complete medium and plated into 96-well black-walled assay dishes (Corning) . For the analysis of virus-infected cells, Vero, CaLu-3, or CaCo-2 cells were plated in 96-well black-walled assay dishes infected at an MOI of approximately 5.0. At the indicated times posttransfection or postinfection, 100 l CellTiter-GLO ATP assay reagent (Promega) was added to each well, and the plates were placed on a shaker table for 5 min. Plates were subsequently analyzed for luminescence on a Lumax luminometer (Molecular Technologies). Values at each time point were analyzed in sextuplet and graphed with standard deviations. The relative ATP concentration was calculated as a percentage of mean luminescence of pCAGGS empty vector-transfected cells.
TUNEL. For FACS analysis, transiently transfected or infected Vero cells were resuspended from 6-or 12-well tissue culture plates using trypsin-EDTA, washed three times with PBS, and fixed with 250 l 1% methanol-free formaldehyde in PBS for 10 min at 25°C. After fixation, cells were washed twice with PBS. TUNEL staining was performed using either the fluorescein isothiocyanate (FITC)-or tetramethylrhodamine (TMR)-conjugated in situ cell death detection kit (Roche) per the manufacturer's protocol. The cells were analyzed with a FACSCalibur dual-laser flow cytometer (Becton Dickinson), and data were collected with CellQuest software. In dual-labeling experiments, the cells were immunostained for viral antigen or caspase 3 prior to TUNEL staining. Experiments under all conditions were performed in triplicate, and values were graphed with standard deviations.
For IFA, Vero cells were grown on glass coverslips in 12-well tissue culture plates. At approximately 100% confluence, cells were infected at an MOI of 5.0 and incubated for 24, 48, and 72 h. Infected cells were washed three times with PBS, fixed with 2% paraformaldehyde in PBS for 10 min, and then processed for IFA as previously described (44, 57) , followed by TUNEL staining performed as described above, with staining solution added directly atop the coverslips. Coverslips were mounted onto microscope slides using Prolong Antifade Gold (Molecular Probes) and visualized on a Zeiss LSM 510 META confocal microscope. Three confocal images were acquired per coverslip using a 63ϫ oil immersion lens and z slices of 2.0 m. A total of nine images were taken per virus infection at each time point. More than 1,000 cells per condition were counted, and the percent TUNEL-positive cells was calculated.
Annexin V. Transiently transfected or infected Vero cells were washed with PBS and the detached cells pelleted by centrifugation at 500 ϫ g for 10 min. The adherent cells were detached with trypsin-EDTA and washed three times with PBS. The two cell populations were pooled and analyzed for apoptosis by annexin V staining of phosphatidylserine using the annexin V-FITC/propidium iodide kit (BD Biosciences) per the manufacturer's protocol. Briefly, cells were resuspended in a solution of 100 l 1ϫ binding buffer plus 5 l annexin V-FITC plus 5 l propidium iodide solution. Cells were incubated at 25°C for 15 min, 400 l binding buffer was added to transiently transfected cells, and FACS analysis was performed immediately. Infected cells were pelleted by centrifugation, and resuspended in 1% methanol-free formaldehyde diluted in binding buffer, and incubated for 10 min at 25°C. Cells were then centrifuged, resuspended in 500 l binding buffer, and analyzed by FACS.
SDS-polyacrylamide gel electrophoresis and Western blotting. Infected cells were lysed in 1% SDS in water and mixed at a 1:1 ratio with 2ϫ Laemmli SDS-polyacrylamide gel electrophoresis sample buffer. Samples were loaded onto 15% polyacrylamide gels (Mini Trans-Blot; Bio-Rad). Separated polypeptides were transferred onto polyvinylidene difluoride membranes (Immobilon-Q; Millipore) and blocked in PBS containing 0.3% Tween 20 and 5% nonfat dry milk (block buffer). Membranes were incubated with anti-␤-actin mouse MAb (1:7,500 dilution; Abcam) and anti-active caspase 3 rabbit MAb (1:1,000 dilution; R&D Systems). Primary antibodies were detected using species-specific IgG secondary antibodies coupled to horseradish peroxidase (1:7,500 dilution; Jackson Laboratories). The blots were soaked in chemiluminescent reagent (ECL Plus Pico; Amersham Biosciences) and imaged using chemiluminescence and exposure to X-ray film (Molecular Technologies).
Infection of golden Syrian hamsters. Five-to 6-week-old golden Syrian hamsters (Charles River Laboratories) were housed three per cage in a biosafety level 3 animal facility. Animals were inoculated with PBS (n ϭ 6) or 10 3 TCID 50 of either recombinant wild-type SARS-CoV (rSARS-CoV WT) (n ϭ 24) or virus with GFP in place of the gene 7 coding region (rSARS-CoV GFP⌬ORF7ab) (n ϭ 24) in a total volume of 100 l (50 l into each naris). Six saline-treated, 12 rSARS-CoV WT-infected, and 12 rSARS-CoV GFP⌬ORF7ab-infected animals were weighed at various times postinfection.
Three hamsters from each virus infection were sacrificed (56) on days 3, 5, 9, and 13 postinfection, and virus titers in homogenates of lung, kidney, liver, and spleen were determined. Tissues were weighed, complete medium was added to a achieve a 10% (wt/vol) suspension, and tissues were homogenized using tissue grinders (Fisher). After centrifugation at 3,400 rpm for 10 min, the supernatants were removed and analyzed by TCID 50 assay. All procedures were performed under protocols approved by the institutional biosafety and animal care committees.
RESULTS

Expression of SARS-CoV ORF7a and ORF7b in Vero cells.
SARS-CoV sgRNA 7 encodes overlapping ORFs for two accessory proteins, ORF7a and ORF7b, and expression of both proteins has been confirmed experimentally in virus-infected cells (5, 9, 17, 18, 44, 57) . Both the ORF7a and ORF7b proteins are single-pass integral membrane proteins, and both have been reported to be incorporated into viral particles (24, 44, 57) . The translation initiation codon for ORF7a resides immediately proximal to the 5Ј transcription regulatory sequence for sgRNA 7 and is predicted to be the predominant ORF translated from this sgRNA. The translation initiation codon for ORF7b resides 365 nucleotides from the transcription regulatory sequence and translation initiation occurs via ribosome leaky scanning, both of which serve to limit ORF7b translation (57) .
To determine the relative expression levels of ORF7a and ORF7b when expressed from cDNA or in virus-infected cells, Vero cells were infected with SARS-CoV at an MOI of 5.0 or transiently transfected with plasmids encoding either ORF7a or ORF7b. Cells were harvested and fixed 24 h later and protein expression quantified using flow cytometry. ORF7a was detected in 32.9% Ϯ 0.6% of the transfected cell population and in 42.5% Ϯ 2.0% of the infected cell population (Fig.  1A) . The relative protein expression levels in the two ORF7aexpressing cell populations were comparable (mean channel fluorescences of 159.1 Ϯ 9.9 and 167.4 Ϯ 19.5, respectively), indicating that transient transfection results in physiologically relevant levels of ORF7a protein expression. The ORF7b protein was detected in 33.9% Ϯ 0.4% of transfected cells and 23.5% Ϯ 5.6% of infected cells ( Fig. 1B) . Not surprisingly, the mean channel fluorescence was higher in cDNA-transfected cells (114.9 Ϯ 5.1 compared to 30.0 Ϯ 3.5), indicating that transient transfection of ORF7b results in significantly higher levels of protein expression than are normally observed in SARS-CoV-infected cells.
The ORF7b protein localizes to the Golgi apparatus in cDNA-transfected and virus-infected cells (57) , but the ORF7a protein has been localized to the Golgi complex (31, 44, 49) , to the endoplasmic reticulum (ER) and ER-Golgi intermediate compartment (18) , and to mitochondria (67) . When expressed from cDNA, neither ORF7a nor ORF7b colocalized with MitoTracker dye, particularly compared to high degree of colocalization seen with GM130, a marker of the cis-Golgi (Fig.  2) . Some MitoTracker-positive organelles are adjacent to ORF7a-and ORF7b-positive membranes; however, it is clear that the vast majority of the signals do not overlap. A similar pattern was seen in SARS-CoV-infected cells (data not shown). Therefore, we conclude that the ORF7a and ORF7b proteins reside primarily if not exclusively in the Golgi complex when expressed from cDNA or in virus-infected cells.
Cells expressing the ORF7a or ORF7b protein undergo apoptosis. It has been reported that ORF7a and ORF7b induce apoptosis when expressed from cDNA (31, 66, 67) . To confirm and extend those observations, Vero cells were transfected with plasmids expressing the cDNAs for ORF7a, ORF7b, or the influenza A virus M2 protein and then screened for the induction of cell death by multiple assays. Transfection efficiency was determined by flow cytometry at 24 h posttransfection (Fig. 3A) . The ORF7a, ORF7b, and M2 proteins were expressed in 34.1% Ϯ 0.5%, 27.13% Ϯ 0.4%, and 26.8% Ϯ 0.3% of cells, respectively. Next we assessed the effects of protein expression on cell viability by determining the relative amounts of ATP present in cells (Fig. 3B ). The relative luminescence of ORF7a-and ORF7b-expressing cells was decreased by 11.8% Ϯ 1.1% and 7.2% Ϯ 1.0%, respectively, compared to empty vector-transfected cells. Expression of the M2 protein had little effect on cell viability, indicating that the reduced cell viability was specific to cells expressing either ORF7a or ORF7b and not a result of the expression of any viral protein. BFA treatment resulted in nearly complete cell death. These results demonstrate that expression of either ORF7a or ORF7b alone results in decreased cell viability.
To assess the contribution of apoptosis to the reduced viability of cells expressing ORF7a or ORF7b, we used three distinct assays that assess different aspects of apoptotic cell death. The presence of proteolytically activated caspase 3 is a hallmark of both the intrinsic and extrinsic apoptosis pathways ( Fig. 3C ). Active caspase 3 was detected in only 3.3% Ϯ 0.1% and 3.2% Ϯ 0.4% of empty vector-and M2 cDNA-transfected cells, respectively. However, significantly more ORF7a and ORF7b cDNA-transfected cells were active caspase 3 positive (16.9% Ϯ 0.6% and 18.3% Ϯ 0.8%, respectively). Treatment with BFA, a known inducer of apoptosis, resulted in 52.75% Ϯ 1.5% active caspase 3-positive cells. Taken together, the data indicate that the expression of ORF7a or ORF7b leads to a modest but significant increase in activated caspase 3.
Another phenotypic change observed in apoptotic cells is the internucleosomal cleavage of chromosomal DNA, which can be detected with the TUNEL assay ( Fig. 3D ). Fragmented DNA was detected in 2.7% Ϯ 0.5% and 3.3% Ϯ 0.2% of empty vector-and M2 cDNA-transfected cells, respectively. ORF7a and ORF7b expression led to increased numbers of TUNELpositive cells (8.9% Ϯ 1.4% and 7.1% Ϯ 1.0%, respectively), while BFA-treated cells were 59.4% Ϯ 6.9% TUNEL positive. Again, the data support a modest but significant increase in apoptotic cells after the expression of ORF7a or ORF7b.
Finally, the amount of phosphatidylserine in the outer leaflet of the plasma membrane was quantified using annexin V binding and flow cytometry ( Fig. 3E ). Annexin V bound to 3.5% Ϯ 0.4% and 5.9% Ϯ 2.1% of empty vector-and M2-transfected cells, respectively. ORF7a and ORF7b expression led to an increase in the number of cells binding annexin V (12.4% Ϯ 1.4% and 10.5% Ϯ 1.3%, respectively). Again, BFA-treated http://jvi.asm.org/ cells showed a significantly higher level of annexin V binding (73.3% Ϯ 1.0%). Taken together, these results demonstrate that expression of ORF7a or ORF7b in Vero cells leads to a moderate increase in apoptotic cell death that is not seen after expression of other viral proteins from the same expression plasmid.
In vitro replication of SARS-CoV lacking gene 7. The data on the effects of SARS-CoV gene 7 proteins on host cell viability led us to investigate the contribution of these proteins to virus replication and cell killing. rSARS-CoV WT or viruses with either GFP in place of the gene 7 coding region (rSARS-CoV GFP⌬ORF7ab) ( Fig. 4A ) or a deletion of the gene 7 coding region (rSARS-CoV ⌬ORF7ab) were compared with respect to in vitro replication and induction of apoptosis. Cells infected with rSARS-CoV WT expressed high levels of the S, ORF7a, and ORF7b proteins ( Fig. 4B ). Compared to rSARS-CoV WT-infected cells, the rSARS-CoV GFP⌬ORF7ab-infected cells had similar amounts of S protein but no detectable ORF7a or ORF7b. There was, however, a strong fluorescence signal consistent with the expression of GFP in the cells.
Cytopathic effect induced by the viruses was analyzed by plaque assay. Vero cell monolayers infected with either virus were stained at 96 h postinfection with naphthol blue-black to visualize virus-induced plaques (Fig. 4C) . Both viruses were able to form clear, distinct plaques in Vero cell monolayers, with nearly identical mean plaque diameters (4.61 Ϯ 0.09 mm and 4.62 Ϯ 0.07 mm for rSARS-CoV WT and rSARS-CoV GFP⌬ORF7ab, respectively), indicating that the gene 7 products did not alter plaque formation. Similar results were obtained with rSARS-CoV ⌬ORF7ab (data not shown).
The replication of recombinant wild-type and gene 7-deleted SARS-CoV was analyzed in single-and multistep growth assays on three different cell lines: Vero African green monkey kidney cells ( Fig. 5A and B and 6A and B ), CaLu-3 human lung adenocarcinoma cells ( Fig. 5C and D and 6C and D), or CaCo-2 human colorectal carcinoma cells ( Fig. 5E and F and 6E and F). The cells were infected with rSARS-CoV WT and rSARS-CoV GFP⌬ORF7ab at low (0.01) or high (5.0) MOI, infectious virus titers in the supernatants were determined by TCID 50 assay at various times postinfection (Fig. 5) , and antigen spread in the cell monolayer was assayed by flow cytometry ( Fig. 6 ). Consistent with previous reports (60), the viruses displayed similar patterns of replication, virus titer, and kinetics of antigen spread within each cell type, suggesting that gene 7 is not required for efficient virus replication in tissue culture. The growth kinetics for these viruses were similar to those observed with the SARS-CoV Urbani clinical isolate (data not shown). Identical results were obtained with rSARS-CoV Induction of cell death by rSARS-CoV. The deletion of gene 7 did not alter the plaque-forming ability or replication of rSARS-CoV in transformed cell lines. We utilized an ATP cell viability assay in order to directly measure the effects of gene 7 deletion on SARS-CoV cell killing. Vero (Fig. 7A ), CaLu-3 (Fig. 7B) , and CaCo-2 ( Fig. 7C ) cells were infected with rSARS-CoV WT or rSARS-CoV GFP⌬ORF7ab at an MOI of approximately 5.0 and analyzed for total cell viability at various times postinfection. Both viruses induced cell death in Vero and CaLu-3 cells with similar kinetics and to similar extents as judged by relative ATP concentrations. Little or no cell death was observed in CaCo-2 cells with either virus, in agreement with previously described results (75) . Infection of Vero cells with La Crosse virus and of CaLu-3 and CaCo-2 cells with influenza A virus (48, 65) resulted in rapid loss of cell viability. These findings indicated that infection of cells with rSARS-CoV GFP⌬ORF7ab results in similar levels of cell death as infection with wild-type virus.
Apoptosis induction by rSARS-CoV.
Apoptosis can be divided into multiple stages (reviewed in reference 70). To address the induction of apoptosis by rSARS-CoV WT and gene 7 deletion viruses, we initially analyzed the activation of caspase 3 by flow cytometry and Western blotting. Vero cells were infected with either rSARS-CoV WT or rSARS-CoV GFP⌬ORF7ab at an MOI of approximately 5.0. At various times postinfection, cells were harvested and immunostained for active caspase 3 (Fig. 8A) . Infection of Vero cells with both viruses resulted in activation of caspase 3 as early as 24 h postinfection, with the highest proportion of cells containing activated caspase 3 at 72 h. Lack of ORF7a and ORF7b had no deleterious effect on activation of caspase 3. Caspase 3 activation was confirmed by Western blotting at 72 h postinfection (Fig. 8A, inset) , with little or no difference in signal intensity seen between virus-infected cells. To ensure that GFP expressed by the gene 7 replacement virus was not activating caspase 3 and masking a reduction in apoptosis activation, we analyzed caspase 3 activation by rSARS-CoV ⌬ORF7ab, which does not express GFP (Fig. 8B ). As observed with the GFP replacement virus, infection of Vero cells with rSARS-CoV ⌬ORF7ab resulted in no change in activated caspase 3 com- Next, the presence of phosphatidylserine in the outer leaflet of the plasma membrane, another marker for early stages of apoptosis, was quantified with FITC-labeled annexin V. Vero cells infected with rSARS-CoV WT or rSARS-CoV ⌬ORF7ab showed similar levels of annexin V binding at various times postinfection (Fig. 8C ), again demonstrating that rSARS-CoV (Fig. 9A) . A significantly lower TUNEL-positive population was detected in cells infected with rSARS-CoV ⌬ORF7ab than in those infected with rSARS-CoV WT at 48 h (8.8% Ϯ 0.3% and 22.0% Ϯ 1.1, respectively) and 72 h (23.5% Ϯ 1.9% and 68.6% Ϯ 1.9%, respectively) postinfection.
The dichotomy observed between TUNEL-positive and active caspase 3-positive cell populations in rSARS-CoV ⌬ORF7ab-infected cells suggests that the induction of apoptosis by the gene 7 deletion viruses may differ from that observed in wild-type virus infection. To address the ratio of active caspase 3-to TUNEL-positive infected cell populations, flow cytometry was utilized to double stain infected cells for DNA fragmentation and activated caspase 3 (Fig. 9B ). Cells were either mock treated or infected with rSARS-CoV WT or rSARS-CoV ⌬ORF7ab and harvested at various times postinfection. The results again indicate that a significantly higher number of cells infected with wild-type virus undergo DNA fragmentation than cells infected with rSARS-CoV ⌬ORF7ab; however, both viruses induce similar levels of active caspase 3. Interestingly, rSARS-CoV WT-infected cells at 72 h postinfection yielded nearly equal cell populations that were either double positive for active caspase 3 and TUNEL staining or were only singly positive for TUNEL staining. It is likely that the TUNEL single-positive cell population is in late stages of apoptosis and may no longer have detectable levels of active caspase 3.
To confirm the lack of DNA fragmentation, we repeated the TUNEL analysis with both gene 7 deletion and GFP replacement viruses using confocal microscopy. Vero cells grown on glass coverslips were infected with rSARS-CoV WT, rSARS-CoV ⌬ORF7ab, or rSARS-CoV GFP⌬ORF7ab and analyzed by immunofluorescence confocal microscopy at various times postinfection ( Fig. 9C and D) . Cells were stained for SARS-CoV antigen and TUNEL labeled, and nuclei were counterstained with TO-PRO-3 to highlight the nuclear architecture. Quantification of adherent TUNEL-positive cells confirms that both viruses lacking gene 7 had significantly fewer TUNELpositive cells than cells infected with wild-type virus (Fig. 9C) . The few TUNEL-positive cells in the gene 7 deletion virusinfected cells displayed the nuclear morphological changes and pyknosis associated with apoptosis observed in cells infected with wild-type virus (Fig. 9D ). Taken together, these results indicate that recombinant SARS-CoV with gene 7 deletions replicates and induces early stages of apoptosis at levels comparable to those for wild-type virus in tissue culture. However, the induction of late stages of apoptosis, specifically DNA fragmentation, is significantly reduced.
Recombinant SARS-CoV lacking gene 7 replicates to wildtype levels in lungs of golden Syrian hamsters. Golden Syrian hamsters are among the best small animal models for analyzing SARS-CoV replication in vivo (53) . Hamsters were inoculated with either 100 l PBS or 10 3 TCID 50 of either rSARS-CoV WT or rSARS-CoV GFP⌬ORF7ab. Hamsters infected with either virus had slower weight gain than the control animals, indicating that the virus infection was inducing some morbidity ( Fig. 10A ). However, deletion of gene 7 did not drastically alter virus-induced morbidity (Fig. 10A) . At the indicated days postinfection, lung, kidney, spleen, and liver tissues were harvested and analyzed for virus titer by TCID 50 assay. Virus was detectable at similar titers in the lungs of hamsters infected with either virus on days 2 and 5 postinfection ( Fig. 10B) and was cleared from the lungs after day 5. Virus was not detectable by TCID 50 assay in any other tissues at any time point analyzed (data not shown). These data demonstrate that gene 7 products are not required for acute viral replication or overall morbidity in hamsters.
DISCUSSION
Various coronavirus accessory genes have been implicated as having important roles in virus replication and pathogenesis in vivo (13, 45) ; however, none of the SARS-CoV accessory genes are required for replication in tissue culture or in BALB/c mice (79) . Few nucleotide polymorphisms exist within the ORF7a and ORF7b coding regions in the approximately 130 sequenced SARS-CoV isolates, suggesting the presence of a selective pressure to maintain gene 7. Both ORF7a and ORF7b coding regions are also highly conserved in all eight sequenced bat coronavirus isolates. Serial passage of SARS-CoV in Vero cells resulted in a 29-nucleotide deletion within ORF7b (68), suggesting that the protein is dispensable in vitro and can be rapidly mutated in the absence of selective pressures.
Both ORF7a and ORF7b are Golgi-localized integral membrane proteins (31, 44, 57) . The ORF7a protein has a 15residue N-terminal signal sequence and is predicted to have an 81-residue luminal domain, a 21-residue transmembrane seg-ment, and a 5-amino-acid cytoplasmic tail. Nelson et al. (44) , and our unpublished data, demonstrate that the short cytoplasmic tail (KRKTE) serves not as an ER retrieval motif, as suggested by Fielding et al. (18) , but as a dibasic ER export signal (RK]x[RK) similar to motifs responsible for ER export of Golgi-resident glycosyltransferases (19) . Mutation of either the lysine at position 118 or the lysine at position 120 results in a loss of Golgi localization and a subsequent increase in colocalization with the ER marker calnexin, suggesting that the residues are critical for the ER exit of the ORF7a protein. It has been suggested that ORF7a can associate with mitochondria, the ER, and the ER-Golgi intermediate compartment after expression from cDNA (18, 67) ; however, we find no evidence for ORF7a colocalization with the MitoTracker dye and find that the majority of the protein colocalizes with Golgi markers (Fig. 2) .
The ORF7a protein has been suggested to interact with the small glutamine-rich tetraicopeptide repeat-containing protein hSGT (17) . hSGT has numerous proposed functions, including cochaperone activity (1), potential roles in cell division (72) , and potential roles in apoptosis induction (71) , and has been shown to interact with the parvovirus NS1 protein in the nuclei of infected cells for regulation of viral gene expression (12) . The interactions between ORF7a and hSGT were mapped to the signal peptide and ectodomain (residues 1 to 96). Our results (44) suggest that the signal peptide is efficiently cleaved upon translocation of ORF7a into the ER and that the ectodomain of ORF7a resides within the ER/Golgi lumen. Since hSGT is a cytosolic protein (77), it is not clear if or how the membrane topology barrier can be overcome in order to facilitate an interaction between these proteins.
Initiation of the apoptotic cascade may result from a change in the balance of pro-and antiapoptotic host cell proteins (reviewed in reference 22). One such antiapoptotic protein, Bcl-X L , has been shown to interact directly with the ORF7a protein (67) . While we find no data to suggest that ORF7a or ORF7b localizes to mitochondria, it is possible that the ORF7a protein may interact with Bcl-X L in the ER, prior to ORF7a trafficking to the Golgi apparatus. The interaction may lead to sequestering of Bcl-X L in the Golgi apparatus, tipping the balance within the cell to a proapoptotic state and resulting in inhibition of protein synthesis and p38 MAPK activation. Further studies monitoring subcellular localization of Bcl-X L in ORF7a-transfected and SARS-CoV-infected cells may provide valuable insight into any relevant interaction that ORF7a may have with Bcl-X L during virus infection.
Programmed cell death is an evolutionarily conserved mechanism for removing extraneous, damaged, or infected cells in a systematic and regulated fashion without inducing inflammation. Several cellular organelles are capable of sensing proapoptotic signals, including the ER, lysosomes, and mitochondria (16) . Although ER stress can induce apoptosis, the ER stress-induced MAPK JNK is not activated after ORF7a expression; however, p38 MAPK is activated by ORF7a expression, suggesting that the inhibition of protein synthesis and induction of apoptosis are not due to misfolded protein accumulation in the ER (31) . The Golgi complex has recently been implicated in stress signaling and may play a much larger role in induction of apoptosis than previously thought (22, 39) . Stress signaling and apoptotic cascades may be initiated Given the high colocalization of both ORF7a and ORF7b to the Golgi complex, it is possible that the accessory proteins contribute to the apoptotic cascade via Golgi-dependent mechanisms. The absence of ORF7a and ORF7b in virus-infected cells may result in skewing of proapoptotic signals from different subcellular organelles, resulting in a different apoptotic phenotype than in cells infected with wild-type virus. The decrease in TUNEL-positive cells observed with gene 7 deletion viruses may be due to decreased activation of one or both of the major endonucleases responsible for DNA degradation in apoptotic cells: the cytoplasmic endonuclease CAD/DFF40 or the mitochondrial activated endonuclease G (reviewed in ref- erence 70) . It has been demonstrated that cells can undergo apoptosis with caspase activation in the absence of DNA fragmentation (11, 61, 82, 83) , suggesting that the two activities are not mutually inclusive and may be activated via separate biochemical stimuli.
Necrosis has been observed in tissues from SARS-CoVinfected patients, and cDNA expression of the ORF3b protein in Vero cells has been shown to induce necrosis (29) . Although DNA fragmentation can occur in necrotic cells, it is random and appears as a "smear" in agarose gels compared to the ordered nucleosomal laddering observed in apoptotic cells (83) . The DNA fragmentation observed in necrotic cells can sometimes be detected by TUNEL staining. It is possible that infection with wild-type virus, encoding both gene 7 accessory proteins, yields a population of necrotic cells detectable by TUNEL staining that is not observed upon infection with gene 7 deletion viruses. At 48 and 72 h postinfection, a TUNELpositive and caspase 3-negative population exists (Fig. 9B ) in cells infected with wild-type virus that is not present in cells infected with gene 7 deletion viruses. These cells may represent a population in late stages of apoptosis or, conversely, may represent a population of necrotic cells. While neither ORF7a nor ORF7b has been reported to induce necrosis upon cDNA transfection to date, it will be important to readdress this topic in light of our data.
Death of infected cells can be induced either directly by specific viral proteins or indirectly as a consequence of the functional effects of the viral protein on the cell. It has been proposed that some viruses take advantage of apoptotic responses to facilitate invasion and/or enhance pathogenesis (8) . Examples of proapoptotic viral proteins include adenovirus E1A and E4orf4 (2); human immunodeficiency virus type 1 Tat, Nef, Vpr, and gp120 (54); the chicken anemia virus protein apoptin (50); dengue virus M protein (3); and the influenza A virus protein PB1-F2 (7) . Clear roles for the proapoptotic functions of these proteins are not well defined; however, it is likely that the cell death function of each aids in promoting viral spread, replication, or immune evasion in vivo (8, 32, 74) .
Deletion of gene 7 does not alter SARS-CoV infection and replication in the lungs of BALB/c mice (79) . It is possible that ORF7a and ORF7b may be dispensable for replication in the current SARS-CoV animal models. ORF7a and ORF7b may play functional roles in human infection, as the time frame for infection is significantly prolonged and disease is much more pronounced compared to those in the available small animal models or in virus transmission (62) . The gene 7 coding region is also highly conserved in bat SARS-CoV isolates, suggesting a potential role for the gene products in bat infection (37) . Analyzing infection with gene 7 deletion viruses in animal rSARS-CoV WT, rSARS-CoV GFP⌬ORF7ab, or rSARS-CoV ⌬ORF7ab at an MOI of 5.0. The cells were fixed at 24, 48, and 72 h postinfection and immunostained with a pool of mouse anti-SARS-CoV MAbs (green). Nuclei were counterstained with TO-PRO-3 nuclear stain (blue). Cells were subsequently TUNEL labeled using a TUNEL-TMR labeling kit (red) and analyzed by confocal microscopy. (C) More than 1,000 total cells were counted from three coverslips from each virus infection at each time point, and the percentage of TUNEL-positive cells was calculated and graphed as mean plus standard error. Quantified TUNEL data demonstrated a significant reduction in adherent TUNEL-positive cells at all time points in both gene 7 deletion viruses compared to wild-type virus. (D) Representative images from cells at 48 h postinfection. Significantly more SARS-CoV antigen-positive cells were TUNEL positive in rSARS-CoV WT-infected cells than in cells infected with either gene 7 deletion virus. models that display more pronounced disease, such as Stat1deficient mice (23), human transgenic ACE2 mice (43, 69) , or aged mice (52) , may also provide valuable information on potential roles for ORF7a and/or ORF7b in SARS-CoV-induced disease.
Further animal studies will be needed to evaluate the function of the ORF7a and ORF7b proteins in modulation of the immune response and overall role in the pathogenesis of SARS-CoV infection, since the induction of apoptosis can have profound effects on the immune system and the immune response to a viral pathogen. Macrophages are key players in the clearance of apoptotic cells and respond differently to cells undergoing various forms of cell death (20, 32) . The apoptotic alterations observed in gene 7 deletion SARS-CoV-infected cells in vitro may translate to altered recognition of apoptotic cells in SARS-CoV-infected animals and subsequently may result in altered immune responses to the virus. Clearly, additional extensive studies of virus pathogenesis and immune response are needed to adequately address this aspect of virus infection.
